Indigenous fruit trees are widely used by humans in southern Africa. Little information is however available on regional genetic variation in these species, knowledge essential for their proper use and conservation. Here, we begin to address this gap by assessing RAPD and chloroplast variation in Sclerocarya birrea, a fruit tree that has been important to humans in the region for millennia. A strong overall positive correlation between genetic (RAPD) and geographic distances was observed for 12 populations of S. birrea subsp. caffra sampled from seven countries (standardised Mantel statistic, r M = 0.857, P b 0.001), supporting a 'structuring-by-distance' model in devising genetic management strategies. Cluster analysis indicated, however, that genetic distances between geographically proximate stands were high on occasions, suggesting that inclusion of multiple stands nationally can sometimes be useful in rangewide management. Overall, an analysis of molecular variance (AMOVA) indicated that 19% of RAPD (assumed nuclear) variation partitioned among S. birrea subsp. caffra stands. Consistent with other nuclearorganellar comparisons for tree species, a much greater proportion of chloroplast variation (70%) partitioned among stands, suggesting a rather limited role for seed compared to pollen in mediating gene flow. Further analysis of S. birrea involved additional sampling from Tanzania of two other recognised subspecies (subsp. birrea and subsp. multifoliolata) that are not otherwise found in the southern Africa region. AMOVA indicated that more RAPD (29%) and chloroplast (75%) variation partitioned among relatively proximate subspecies stands (4 populations, 1 subsp. caffra, 2 subsp. birrea and 1 subsp. multifoliolata) in Tanzania than among subsp. caffra stands sampled extensively across southern Africa, suggesting Tanzania should be a focus for genetic management activities.
Introduction
Ethnobotanical studies (Maghembe et al., 1994) have indicated a wide range of indigenous fruit trees (IFTs) in the woodlands of southern Africa that are crucial for supplementing the diet and income of rural communities. In recent years, these species have become the subject of increased interest because of the progression of the HIV pandemic in the region, as it is likely that many rural families living with AIDS will depend increasingly on their nutritional value (Lengkeek et al., 2004) . While traditionally the source of fruit has been natural stands, recent and long-term pressures on woodland have depleted resources in some areas, leading to utilisation and conservation concerns (Misana et al., 1996) . To improve the access of rural communities to IFTs, their cultivation by small-scale farmers has been encouraged in the region (Maghembe et al., 1994) . In providing an alternative source of fruit, cultivation both promotes rural livelihoods and reduces unsustainable exploitation of natural stands, thereby playing a role in conservation. Furthermore, if planted material is sourced appropriately, cultivated stands can themselves provide important circa situ (on-farm) reservoirs of genetic diversity (Lengkeek, 2003) .
Essential to strategies designed to promote the use and conservation of IFTs through on-farm cultivation is a detailed knowledge of the genetic variation present within species. Despite germplasm collection and research activities on a number of IFTs South African Journal of Botany 72 (2006) 421 -427 www.elsevier.com/locate/sajb across southern Africa, very little is known concerning genetic structure at a regional level, with no wide-scale molecular work yet undertaken that could help develop regional management programmes. In this study, we begin to address this gap by studying the important fruit tree Sclerocarya birrea. S. birrea subsp. caffra is widely distributed in the southern Africa region and has been identified through community surveys and international bodies such as the FAO Panel of Experts on Forest Genetic Resources as a focus for research and planting (Hall and Youde, 2002) . The fruit pulp is used to produce jams, beer and, in South Africa, the internationally available liqueur Amarula Cream, while the oily kernels are consumed raw, roasted and in sauces (Sullivan and O'Regan, 2003) . In addition to current use, archaeological evidence indicates human harvesting of fruit extending back 10,000 years (Walker, 1989) . Here, we employ two techniques to assess genetic structure in S. birrea. First, random amplified polymorphic DNA (RAPD) analysis (Williams et al., 1990) , which provides mostly nuclearencoded markers (although see e.g. Aagaard et al., 1998) , is used to assess the overall pattern of genetic variation within and among populations. Although RAPD analysis suffers from a number of practical and theoretical limitations (Black, 1993) , the approach is still widely applied in less developed laboratories in Africa because it is technically simple and reveals a large number of markers (Jamnadass et al., 2005; see Gutman et al., 1999 for a preliminary study of utility for S. birrea). In addition, limitations are minimised by careful application, scoring high numbers of polymorphisms and adopting appropriate techniques for analysis (Lynch and Milligan, 1994) . Second, restriction endonuclease fragment length polymorphism analysis of polymerase chain reaction products (PCR-RFLP; Muloko-Ntoutoume et al., 2000) is used to identify genetic variation in the chloroplast genome. Organellar haplotypes are expected to be transmitted maternally and therefore provide a complementary data set to RAPDs, enabling seed-specific gene flow to be delineated (McCauley, 1994) . Our primary objective was to provide a regional geographic overview of genetic variation in S. birrea subsp. caffra, in order to determine whether a model based on 'structuring-bydistance' is appropriate for evaluation and conservation in southern Africa. A secondary objective was to assess genetic structure among S. birrea subsp. caffra and two other recognised subspecies (subsp. birrea and subsp. multifoliolata) that have a very restricted distribution in the region but may represent a particular resource for use and conservation. In addressing these objectives, our study provides the first wide-scale genetic analysis based on a combination of nuclear and organellar markers for an indigenous and widely used fruit tree in southern Africa; it is thus a baseline for future research concerned with more efficient genetic management of this important group of species.
Materials and methods
2.1. Distribution, reproductive ecology and status of S. birrea S. birrea (A. Rich.) Hochst. (Anacardiaceae) has an extensive distribution across dryland savanna habitats in sub-Saharan Africa that includes, but is wider than, the southern Africa region (Peters, 1988) . Based on a number of morphological characteristics, three distinct subspecies were recognised by Kokwaro and Gillett (1980) : (i) birrea, from Senegal across to Ethiopia and south into Tanzania, (ii) caffra, from Angola to Tanzania, north as far as southeast Kenya and south into South Africa; and (iii) multifoliolata, coincident with the two other subspecies in Tanzania. S. birrea is long-lived, apparently diploid, generally dioecious and insect-pollinated (Munjuga and Hall, 2002) . Trees produce a fleshy fruit with a hard nut containing one or more embryos of relatively long viability (Munjuga and Hall, 2002) . Elephants are thought to be important seed-dispersers via ingestion (Lewis, 1987) , while trees established from seed apparently discarded by humans are found alongside roads and tracks, suggesting also an important role in dispersal (Shone, 1979) . Although overall status in the southern Africa region is secure, S. birrea is often a component of highly impacted anthropic landscapes (Hall and Youde, 2002) . In addition, displacement from populations of natural seed dispersers and a possible decline in pollinator populations are important conservation concerns in some parts of the region (Hall and Youde, 2002) .
Leaf sampling
Our concern in the current study is with southern Africa. Sampling therefore primarily involved subsp. caffra (see above). Leaf samples were assessed from a total of 103 individuals from 12 natural populations taken from seven countries (Table 1 and Fig. 1a ). In each of these countries (except Kenya, which is outside the region, but a proximate reference), extensive germplasm collections have been undertaken that are currently under evaluation in field trials. To provide an assessment of whether alternate subspecies to caffra provide an important Populations of subspecies caffra (1 to 12) formed the main body of this study. However, additional populations, of subsp. birrea (Sbb) and subsp. multifoliolata (Sbm) (13 to 15), were sampled for an assessment of subspecies variation in Tanzania. N denotes the number of individuals tested. H denotes genetic diversity for RAPD markers based on Nei's (1978) unbiased estimate.
The geographic distribution of sampling localities is shown in Fig. 1a .
additional resource for evaluation and conservation in the region, secondary sampling (Table 1 and Fig. 1a ) involved collection of subsp. birrea (2 stands) and subsp. multifoliolata (1 stand) from Tanzania (an extra 23 individuals in total). Within populations, sampled trees were normally a minimum of 100 m apart. Sampled leaves were dried and preserved using self-indicating silica gel in snap-top plastic bags and subsequently stored at − 20°C until DNA extraction.
DNA extraction and PCR analysis
Total genomic DNA was extracted using minor modifications to Doyle and Doyle (1987) . PCR protocols were according to Dawson et al. (1995) . Initially, a test panel (one individual chosen at random from each country) was screened to identify polymorphism. Initial RAPD analysis involved screening 42 arbitrarily chosen 10-mers. Eight primers that revealed clear polymorphisms that were reproducible across test runs were chosen for analysis of all 126 individuals (Table 2) and RAPDs scored as present (1) or absent (0) after resolution on 2% agarose gels. Initial PCR-RFLP analysis to obtain organellar fingerprints involved 11 pairs of conserved primers (taken from Taberlet et al., 1991; Demesure et al., 1995) and six restriction endonucleases (BamHI, EcoRI, EcoRV, HindIII, PstI, TaqI). Variation was revealed for only a single product, the chloroplast intergenic spacer between the trnT (UGU) and the trnL (UAA) 5′ exon ( Table 2, Taberlet et al., 1991) , based on three treatments: a length polymorphism without restriction digestion (indel of approximately 300 bases, larger product ∼1150 bp); and restriction site polymorphisms with two enzymes, EcoRI and TaqI (one extra cutting site for a subset of individuals in both cases). These treatments were used to assign chloroplast fingerprints to all 126 individuals. Since chloroplast DNA is not expected to undergo recombination and can therefore be considered a single locus for fingerprinting purposes (Dawson et al., 1996) , data were summed to provide single haplotype states for each individual tested.
Data analysis
Our primary concern was to test the relationship between S. birrea ssp. caffra populations. We wished to address the issue of whether more geographically distant populations are generally less related genetically, as would be expected in a 'structuring-bydistance' model of genetic variation. Furthermore, if this is the case, do there remain notable exceptions? To this end, we employed the ARLEQUIN 1.1 software package (Schneider et al., 1997) to calculate pairwise genetic (RAPD) distance values (F ST , Weir and Cockerham, 1984) between subsp. caffra stands. Genetic distances were then compared with a geographic distance matrix (determined from latitude/longitude coordinates), employing the PC-ORD software package (McCune and Mefford, 1999) to calculate the standardised Mantel statistic (r M , Mantel, 1967) . The significance of r M was tested using a randomisation (Monte Carlo) test based on 5000 permutations. Further analysis of RAPD genetic distance values involved clustering with the POPGENE 1.31 software package (Yeh et al., 1999) , using an unweighted pair-group method with arithmetic averaging (UPGMA, Sneath and Sokal, 1973) . Partitioning of genetic variation revealed by RAPDs and PCR-RFLP within and among subsp. caffra populations involved an analysis of molecular variance (AMOVA, Excoffier et al., 1992) , using the ARLEQUIN 1.1 software package (Schneider et al., 1997) . Significance values Populations of subspecies caffra (1 to 12) formed the main body of this study. However, additional populations, of subsp. birrea and subsp. multifoliolata (13 to 15, area enclosed by darker shading), were sampled for an assessment of subspecies variation in Tanzania (see Table 1 for further information); (b) Distribution of four chloroplast haplotypes revealed at the intergenic spacer between the trnT (UGU) and the trnL (UAA) 5′ exon. Pie diagrams indicate the proportion of types at each site. Table 2 Arbitrary and chloroplast primers employed to reveal genetic variation in Sclerocarya birrea
ICRAF reference
Sequence (5′ N 3′) n IC06  GAC CCC GGC A  5  IC10  ACG CGC TGG T  9  IC11  GCA TGG AGC T  10  IC16  ACG GTG CGC C  14  IC24  CGC GAC GTG A  11  IC29  CAG TCG GGT C  12  IC34  GGG TAA CGC C  9  IC35 GTG ATC GCA G 9 Chloroplast primers (trnT-trnL) (pair) IC86 CAT TAC AAA TGC GAT GCT CT IC87
Arbitrary primers
TCT ACC GAT TTC GCC ATA TC n denotes the number of polymorphisms revealed by each arbitrary primer across all tested individuals (N = 126).
assigned to variation estimates were based on 1000 random permutations of individuals assuming no genetic structure. A second AMOVA assessed variation among subspecies from Tanzania (4 populations, 1 subsp. caffra, 2 subsp. birrea and 1 subsp. multifoliolata). In addition, to provide a visual representation of genetic variation in Tanzania, a principal coordinate analysis (PCoA) of RAPD phenotypes was undertaken with the PAST 0.82 software package (Hammer et al., 2002) , based on Sørensen's (1948) similarity coefficient. During PCoA, RAPD phenotypes were labelled by chloroplast haplotype. Analysis of RAPD data also involved the calculation of genetic diversity levels (H) for all populations according to Nei's (1978) unbiased measure, assuming markers to be dominant, nuclear diploid inheritance and Hardy-Weinberg equilibrium.
Results
The eight primers employed in RAPD analysis revealed 79 clear polymorphisms across 126 individuals (Table 2) , with a mean product presence frequency of 0.241 (see Fig. 2a for example of polymorphism). Diversity estimates for individual populations are shown in Table 1 . These varied widely, with Mangochi (Malawi) most diverse (H = 0.202) and Magamba (Tanzania) least diverse (H = 0.068, but N = 6 only); mean stand diversity (0.131 across 15 stands) was rather low for an outbreeding tree species (Nybom and Bartish, 2000) . PCR-RFLP analysis revealed four chloroplast haplotypes across 126 individuals, R, S, U and T, distributed among and within populations according to Fig. 1b (see Fig. 2b for example of polymorphism). R was the most common (f = 0.778), with nine populations containing only this haplotype. Another three populations also contained single haplotypes only (U or T). Mandimu, Kalanga and Manyonyaneni, however, each expressed two haplotypes (R + T, R + S and R + S, respectively; the latter two populations separated by ∼60 km only). Together, populations from Tanzania expressed three haplotypes, while six other countries combined contained two types only. Haplotypes U and T were restricted to Tanzania, U to a single stand of subsp. caffra, while haplotype S was restricted to Swaziland. According to subspecies designations, haplotype frequencies for subsp. caffra (N = 103) were R = 0.835, S = 0.107 and U = 0.058. Frequencies for subsp. birrea (N = 14) were R = 0.286 and T = 0.714, while subsp. multifoliolata (N = 9) contained haplotype T only. No haplotype, therefore, was absolutely diagnostic of subspecies (that is, present in all individuals of one subspecies and absent in all individuals of the other two).
RAPD variation and geographic distances in subsp. caffra
The standardised Mantel statistic (r M ) comparing genetic (RAPD) and geographic distances for 12 subsp. caffra populations (N = 103) was 0.857 (P b 0.001), indicating a strong positive correlation. Cluster analysis of RAPD genetic distances for subsp. caffra populations (Fig. 3 ) corresponded with r M in revealing geographically related genetic structuring. Most obviously, a pair of geographically proximate populations from Malawi (Mangochi and Ntcheu) appeared very closely related genetically, while three populations that although from different countries are proximate geographically (Kalimbeza from Namibia, Pandamatenga from Botswana and Choma from Zambia) also grouped. Furthermore, Chyulu (Kenya) and Magamba (Tanzania), both on the northern edge of sampling and rather isolated from other subsp. caffra stands, were separated in analysis. In some cases, however, genetic and geographic distances appeared not to correspond. For example, Chyulu and Magamba stands were rather proximate geographically but were well separated genetically. In addition, relatively proximate populations from the same country sometimes appeared well separated in cluster analysis; this was observed for populations from Botswana (Pandamatenga and Tutume, b 300 km apart), while a noticeable but smaller difference was also observed between proximate stands in Zambia.
3.2. AMOVA in subsp. caffra and among subspecies in Tanzania AMOVA (Table 3 ) indicated statistically significant (P b 0.001) variation among 12 subsp. caffra populations (N = 103) for both RAPD and chloroplast data. The proportion of overall variation that partitioned among populations was, however, considerably lower for RAPDs (19%) than for chloroplast haplotypes (70%). A second AMOVA based on subspecies in Tanzania (4 populations, 1 subsp. caffra [Magamba], 2 subsp. birrea and 1 subsp. multifoliolata, N = 29) also indicated statistically significant (P b 0.001) variation among populations for both RAPD and chloroplast data. Furthermore, the level of variation partitioning among subspecies populations in Tanzania (29% for RAPDs, 75% for chloroplast haplotypes) was greater than that observed among 12 stands of subsp. caffra sampled from a much wider geographic area.
PCoA of Tanzanian subspecies
The first two axes of a PCoA of Tanzanian RAPD phenotypes (N = 29) accounted for 35% of variation (Fig. 4) . No clear distinction was observed between subsp. birrea (from Mialo and Mandimu) and multifoliolata (from Makadaga), which overlapped in ordination; however, individuals of subsp. caffra (from Magamba) were well separated, even though Magamba is b 250 km from the most proximate of the other Tanzanian stands (Mialo). This pattern of RAPD variation corresponded with chloroplast designations, with subsp. birrea and multifoliolata sharing haplotype T (R also present at Mandimu) but subsp. caffra (Magamba) uniquely expressing haplotype U (in expressing this haplotype, Magamba is also unique compared to all other subsp. caffra stands sampled elsewhere).
Discussion
Data on the level and partitioning of genetic variation within IFTs in the southern Africa region is an important input for determining appropriate strategies for their use and conservation. Very little, however, has been known concerning the genetic structure of IFTs at a regional geographic scale. In the current study, we have addressed this gap by molecular studies on populations of the important fruit tree S. birrea. Below, we consider our results in the light of our two initial research objectives.
4.1. Genetic variation in S. birrea subsp. caffra: is a model based on 'structuring-by-distance' appropriate for evaluation and conservation?
A strong overall positive correlation between genetic (RAPD) and geographic distances was observed for widely sampled S. birrea subsp. caffra stands, as would be expected in a 'structuringby-distance' model of genetic variation based on limited gene flow between populations. In order to optimally assess and conserve variation in the taxon, therefore, our data indicate that a strategy involving rangewide sampling and coordination between multiple countries in the region is required. In addition, however, RAPDs indicate that, on occasions, genetic differences between stands can be relatively high on a local geographic scale, with examples seen in Botswana and Zambia. These exceptions suggest that in certain countries strategies that involve multiple stands nationally can play an important role in evaluation and conservation of distinct subsp. caffra resources. The level of variation partitioning among S. birrea subsp. caffra stands according to AMOVA of RAPD data (19%) is within the range of other RAPD studies on African tree species tested across a similar geographic scale (reviewed in Jamnadass et al., 2005) . Published data on comparative partitioning of organellar variation in African trees is very limited, with only one other study known to the authors, on the fruit tree Vitellaria paradoxa in the northern sub-Sahara (Fontaine et al., 2004 ). In the current study, we obtained a value of 70% of variation among subsp. caffra stands for chloroplast DNA. This value should however be treated cautiously because of the limited overall organellar variation detected within and among populations (9 stands contained the same single haplotype only) and due to limited effective population sizes (lower for organellar genomes, with varying sex ratios for a dioecious species such as S. birrea also potentially influencing estimates, McCauley, 1994) . Nevertheless, our data are consistent with nuclear-organellar comparisons in a range of tree species, which indicate greater variation among populations for organellar markers (reviewed in Newton et al., 1999) . Furthermore, in the only other known African study, significantly greater chloroplast than RAPD variation partitioned among V. paradoxa populations (values of ∼94% and 22%, respectively, Fontaine et al., 2004) . The most probable interpretation of our data is that seed-compared to pollen-mediated gene flow is relatively limited in S. birrea, even though long-distance seed dispersal by elephants and humans has been suggested (Shone, 1979; Lewis, 1987) . This suggests that current human impacts on genetic structure in S. birrea are less than had been suspected by a number of other studies suggesting direct or indirect human management of the species (Walker, 1989; Misana et al., 1996; Nghitoolwa et al., 2003; Leakey et al., 2005) . Tanzania: a particular resource for use and conservation?
Genetic variation among subspecies in
The level of RAPD and chloroplast variation partitioning among geographically proximate stands of subsp. caffra, subsp. birrea and subsp. multifoliolata in Tanzania is greater than that observed among populations of subsp. caffra sampled rangewide from seven countries in southern Africa. It appears, therefore, that a large portion of the genetic variation present in S. birrea in the entire southern Africa region is represented in Tanzania, presenting particular opportunities nationally for evaluation, conservation and cultivation (if particular types prove to be phenotypically superior) of the species. Although overall diversity in Tanzania is high, PCoA indicates that the level of differentiation between pairs of subspecies varies. While subsp. caffra is well differentiated from populations of both subsp. birrea and subsp. multifoliolata, a similar split is not observed between the last two, even though all three subspecies are well differentiated morphologically (Kokwaro and Gillett, 1980) . It is not uncommon for molecular and morphological data to reveal different patterns of variation when tree taxa are in proximity (see e.g. Dawson et al., 1996) , confirming the importance of a combination of methodologies for assessing diversity.
Final considerations
Data presented here provide a macrogeographic overview of genetic diversity in an important IFT from southern Africa, and we discuss this variation in the context of genetic management. Overall, models for management that consider variation at both regional and national levels need to be combined for effective evaluation and conservation of S. birrea. Furthermore, Tanzania provides particular opportunities for evaluation and conservation of the species, and should clearly be a focus for future more detailed research. Although in the present study we did not detect any human impact on genetic structure, Tanzania also provides the best opportunity for future studies of anthropic influences, because of the proximity of genetically distinct subspecies and the presence of important historical trade routes along which germplasm could potentially migrate between regions (Misana et al., 1996) . This study provides the first overview of its type of regional genetic structure in an IFT in southern Africa. It is therefore a baseline for further research on the management of other species in the region. The extent to which S. birrea can be considered a paradigm for other IFTs in southern Africa is currently unknown, but will become clearer through additional work underway by ICRAF and others.
